The fluorescent dye 1 -N-phenylnaphthylamine permeated Escherichia coli cells after exposure to a heat stress at 55 "C in Tris/Mg2+ buffer, pH 8.0. The rate of dye permeation increased with time during heat treatment and decreased gradually during subsequent incubation at 37 "C in a minimal medium. The initial level of rapid adsorption of the dye also increased with heating time, although it remained roughly constant during post-heating incubation. The results obtained suggest that the permeability barrier to the dye in the outer membrane was damaged by heat stress and was repaired after sublethal heating. RNA, protein and lipid syntheses, as well as an energy-yielding process, appeared to be necessary for the repair of impermeability to the dye.
INTRODUCTION
Membranes are among the critical targets of heat in bacterial cells (Beuchat, 1978; Tsuchido, 1988; Yatvin et al., 1987) , as evidenced by the leakage of intracellular substances, the loss of membrane components, sensitization to a variety of inhibitors, and the transfer of extracellular compounds caused by heating (Hurst, 1978; Katsui et al., 1982; Tomlins & Ordal, 1976; Tsuchido et al., 1985) . The outer membrane of Gram-negative bacteria constitutes the permeability barrier against the entry of hydrophobic compounds into cells (Hancock, 1984; Leive, 1968; Nikaido, 1976; Nikaido & Vaara, 1985) . Heat treatment of Escherichia coli causes blebbing and vesiculation of the outer membrane (Katsui et al., 1982) , the release of lipopolysaccharide, sensitization to externally added phospholipase C, and an increase in cell surface hydrophobicity, indicating the disruption of the outer membrane (Tsuchido et al., 1985) . Such heat-stressed cells are also sensitized to hydrophobic antibiotics, fatty acids and crystal violet (Tsuchido et al., 1985; Tsuchido & Takano, 1988) . Hitchener & Egan (1977) and Mackey (1983) have also reported damage to the permeability barrier of the outer membrane in heated cells of E. coli. However, after sublethal heating, cells should repair the injured functions of the outer membrane as well as those of DNA, RNA, enzymes, and other damaged cellular components, although no detailed studies have been done on membrane repair in heat-injured cells.
For the investigation of injury and repair of the permeability barrier, a fluorescent probe should be useful. 1-N-Phenylnaphthylamine (NPN), being an uncharged lipophilic dye, fluoresces weakly in aqueous environments, but its fluorescence greatly increases in nonpolar or hydrophobic environments such as the cell membrane. Therefore, the analysis of changes in fluorscence intensity of NPN in heat-injured cells should be a sensitive and convenient method to evaluate changes in permeability to this dye. However, NPN has also been reported to permeate cells by de-energization of the cytoplasmic membrane, although the permeability barrier might be altered in these cells as a consequence (Cramer et al., 1976; Helgerson & Cramer, 1977; Nieva-Gomez & Gennis, 1977; Nieva-Gomez et al., 1976) .
In this study we investigated how NPN permeates heat-injured cells and cells recovering from heat treatment.
T . TSUCHIDO, I . A O K I A N D M. T A K A N O METHODS
Micro-organism and growth medium. Escherichia coli W3110 was used throughout this study. It was grown in AM9 medium, comprising M9 minimal medium (Katsui et al., 1981) supplemented with 0.2% (w/v) glucose and a mixture of amino acids (0.8 mM-L-alanine, 0.8 mM-L-glycine, 0.6 mM-L-glutamine, 0.6 mM-L-glutamic acid,
.4 mM-L-isoleucine, and 0.2 mM-L-methionine).
Culture conditions. Cells were cultivated overnight at 37 "C in a 100 ml flask containing 20 ml AM9 medium on a rotary shaker. Then 2 ml of the culture was added to a 500 ml flask containing 100 ml fresh medium and shaken at 120 strokes min-I in a reciprocal shaker until the OD,,, of the culture reached 0.35-0.4 (approximately 2-3 x lo8 cells ml-*) to obtain cells in the mid-exponential growth phase.
Heat treatment. Cells were harvested by centrifugation at 3000g for 5 min, washed twice with 50 mM-Tris/HCl buffer, pH 8.0, containing 10 mM-MgSO, (TM buffer), and then resuspended in 5 ml fresh buffer. The cell suspension was kept at 0 "C for 30 min to equilibrate the thermal effects on cells before heat treatment (Katsui et al., 1981 ; Tsuchido, 1983) . Cells were heat-treated as previously described (Katsui et al., 1982) . A 2 ml portion of cell suspension was added to 18 ml TM buffer in a 100 ml flask preheated to 61.1 "C. A final temperature of 55 "C was immediately obtained on rapid heating. After mixing, heat treatment at 55 "C was continued for 15 s, unless otherwise stated, in an incubator with shaking at 120 strokes min-I.
Post-heating incubationfor cell repair. The heated cell suspension was cooled to 0 "C and centrifuged at 5000 g for 5 min in the cold to collect cells. The cells were resuspended in 50 ml AM9 medium prewarmed to 37 "C, containing a metabolic inhibitor where appropriate (for the experiments in Table l), transferred immediately into a 300 ml flask, and then incubated at 37 "C for cell repair.
Measurement offluorescence ofNPN. During heating at 55 "C or post-heating incubation at 37 "C, 5 ml samples were taken, and the cells harvested by filtration with a Nuclepore filter (pore size 0.4 pm). Cells on the filter were washed three times, each with 5 ml TM buffer. The filter was transferred into a test tube (1.8 x 18 mm) containing 5 ml fresh buffer and vortexed to release the cells. After removal of the filter, the OD, of the cell suspension was measured, then the suspension was incubated at 30 "C for 10 min to equilibrate the temperature. A portion (3.96 ml) of the suspension was withdrawn and transferred into a cuvette. After addition of 40 p1 of a solution of NPN in acetone, to obtain a final NPN concentration of 5 p~, unless otherwise stated, the cuvette was set in a Hitachi fluorescence spectrophotometer (MPF-4) equipped with a water-flow circulation system to keep the temperature of the sample constant (30 "C). Maximum excitation and emission intensities were obtained at wavelengths of 348 and 408 nm, respectively, with slit widths of 5 nm, in TM buffer. The change of fluorescence was monitored by a Hitachi recorder (056 type). In TM buffer alone, no substantial fluorescence was observed. Since the OD,io of the cell suspension before the fluorescence assay was different from sample to sample, fluorescence intensity was expressed as a relative value, taking the maximum fluorescence of the cell suspension at an OD,,, of 0-2 and at an NPN concentration of 5 p~ as 100%. Acetone as a solvent at concentrations up to 1 % had no effect on the fluorescence.
Chemicals. NPN was purchased from Wako Pure Chemical Industries, at the highest grade available. Carbonyl cyanide m-chlorophenylhydrazone (CCCP), cerulenin, nalidixic acid, rifampicin and chloramphenicol were from Sigma, potassium cyanide was from Nakarai Chemicals, and benzylpenicillin was from Meiji Seika Co.
RESULTS

Kinetics of permeation of NPN into heated cells
After addition of NPN at 5 VM to E. coli cells, the fluorescence intensity initially increased rapidly, probably due to the adsorption of dye molecules on the cell surface (Fig. 1 a) . After this initial increase, the fluorescence was almost constant for unheated cells for at least 2 h, whereas for cells heated at 55 "C for 15 s, a subsequent gradual increase in fluorescence occurred, becoming constant after 1 h, suggesting a maximum level of partition of the dye in the cells. We designated this maximum fluorescence as F,,, .
The change of relative fluorescence followed first-order reaction kinetics for incubation times longer than 2 min, as expressed by
there fore, Dye interaction with heated E. coti where F is relative fluorescence intensity at time t and Fo is the apparent initial relative fluorescence intensity, reflecting dye adsorbed on the cell surface, and k is the permeation rate constant (min-l), as calculated from data obtained between 2 and 5 min. This relationship is shown in Fig. 1 (b) for unheated cells and for cells heated at 55 "C for 15 s. The plots are linear except for an initial phase showing a transient change. The value of k can be calculated from the slope of the line by least-squares regression, and that of Fo from the intercept of the extrapolated line on the ordinate. In the sample shown in Fig. 1 , these values were 0.002min-l and 16, respectively, for unheated cells and 0.060 min-l and 31, respectively, for heated cells.
Ejects ojcell and NPN concentrations on the rate of dye permeation Increases in cell concentration at an NPN concentration of 5 p~ caused a proportional increase in F,,, and Fo (Fig. 2) . The permeation rate constant was apparently unchanged, at least above an ODblo of 0.1. Fig. 3 . Effect of NPN concentration on the fluorescence intensity in the presence of cells heated at 55 "C for 15 s in TM buffer. After addition of NPN at various concentrations to the cell suspension, the fluorescence was measured as shown in Fig. 1. F,, At an OD6lo of 0.210, the fluorescence change was measured at various concentrations of NPN. F,,, and Fo increased proportionally with the concentration of NPN added. The permeation rate constant seemed to increase sharply at first and then gradually with NPN concentrations below and above 2 PM, respectively (Fig. 3) .
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Permeation of NPN during heat treatment
When cells were heat-treated at 55 "C in TM buffer, the permeation rate of NPN increased with heating time (Fig. 4) . In this experiment, the NPN concentration was 5 p~ and the ODBlo of the cell suspension during measurement of fluorescence varied between samples from 0.24 to 0.29. The permeation rate constant for cells heated at 55 "C for 15 s was 0.096 min-l. The Fo increased with heating time from 25 at 5 s to 42 at 120 s, whereas F,,, was approximately constant, being 100 to 119, except for unheated cells for which F,,, was 20 (data not shown).
Repair of cell impermeability to NPN during post-heating incubation and the efect of inhibitors
After heat treatment at 55 "C for 15 s, cells showed a growth delay of about 60-70 min before the onset of regrowth during incubation in AM9 medium (Fig. 5) . During this repair period, the permeation rate of NPN gradually decreased, and k nearly reached zero, the same level as for Dye interaction with heated E. coli The effects of metabolic inhibitors added to AM9 medium on the decrease in NPN permeation into repairng cells were examined (Table 1) . Rifampicin (20 pg ml-l), CCCP (5 PM), chloramphenicol (20 yg ml-I), and cerulenin (12-5 pg ml-l) completely inhibited the reduction in permeation rate of NPN during incubation at 37 "C. KCN at 1 mM partly inhibited the fluorescence reduction. Treatment of unheated cells with these inhibitors caused no substantial effects on the fluorescence intensity of NPN (data not shown). Also for heated cells at 0 min post-heating, no substantial changes in the permeation rate constant or Fo values were observed except in the case of CCCP, which caused an increase in permeation rate constant (Table 1) .
DISCUSSION
The outer membrane of E. coli acts as a barrier against the entry of extracellular hydrophobic compounds. If E. coli cells are exposed to a heat stress, they become susceptible to those compounds (Hitchener & Egan, 1977; Mackey, 1983; Tsuchido & Takano, 1988) . Crystal violet (Tsuchido et al., 1985) and the hydrophobic antibiotic tylosin (Tsuchido et af., 1975) have been shown to penetrate into heated cells. This may be attributed to structural damage to the outer membrane by heat (Katsui et af., 1982) .
In this study, the fluorescent dye NPN was also found to permeate heated cells, and possibly to concentrate in the cell membranes, as evidenced by a great increase in its fluorescence intensity. Although Gustafsson et al. (1973) reported that the initial rapid adsorption of a dye by some E. coli mutants defective in the cell envelope, including lipopolysaccharide, was similar to that of their wild-type parents, we found that heat treatment caused an increase in NPN adsorption, as reflected by the Fo value, suggesting that the number of adsorption sites for NPN on the cell surface may increase with the severity of heat stress. An approximately constant value of F,,, after different periods of heating suggests that once dye entry into cells is initiated by heat stress, NPN molecules continue to enter the cell membranes until the binding sites in them are saturated.
The increase in k with duration of heat treatment indicates that heat makes cells accessible to the entry of NPN molecules and allows the dye to penetrate into the membranes, depending upon the severity of heat damage to the cell-surface structures. Two hypotheses can be proposed for this process: (1) a disruption of the permeability barrier of the outer membrane by heat treatment, as has been reported by EDTA, aminoglycoside antibiotics and cetrimide (Hancock & Wong, 1984; Loh et al., 1984) ; and (2) Loh et af. (1984) reported that a gentamicin-induced increase in the fluorescence intensity of NPN in Pseudomonas aeruginosa and E. cofi cells was followed by a decrease by energization of the cytoplasmic membrane. They also found that KCN inhibited this decrease in the fluorescence in the second phase, but we could detect no effect of KCN on heat-treated cells under various conditions. This might indicate that energization of the cytoplasmic membrane as well as the permeability barrier of the outer membrane are disrupted even in sublethally heated cells. However, the disruption of the permeability barrier rather than membrane de-energization seems likely to be more critical in our study, because outer-membrane components, including lipopolysaccharides, are released from heated cells (Katsui et al., 1982; Tsuchido et al., 1985) and the repair of impermeability to NPN requires macromolecular syntheses.
The reduction in k during post-heating incubation at 37 "C in AM9 medium implies the repair of impermeability of cells to NPN. The experiments with inhibitors suggest that the repair of the impermeability depends not only on an energy-yielding process but also on the de nouo synthesis of some membrane components, including proteins and lipids. Leive (1968) reported that EDTA-treated cells of E. coli required energy metabolism, but not RNA or protein synthesis, to restore their permeability barriers. This difference may suggest that heat causes more serious damage of the outer membrane, such as an occurrence of large blebs (Katsui et af., 1982), than does EDTA and thus cells may need to synthesize components of the outer membrane to repair the permeability barrier. In fact, we have obtained preliminary results demonstrating the synthesis of lipopolysaccharides and some outer-membrane proteins during post-heating incubation (unpublished data). An increase in permeation rate constant during post-heating incubation in the presence of rifampicin, CCCP or chloramphenicol may suggest an increased destruction of the permeability barrier by these agents.
Although it is unclear why, unlike k, the Fo does not decrease to the normal level during postheating incubation, it is likely that the outermost surface of the outer membrane, or specific parts of cells such as the septum and polar regions, which have been suggested to be severely damaged by heat (Katsui et al., 1982; Tsuchido et al., 1985) , remain to be repaired, even though cells start to grow again after a lag period.
In conclusion, after heating to 55 "C, E. coli cells become permeable to the fluorescent dye NPN, probably as a result of damage to the permeability barrier of the outer membrane. During post-heating incubation in minimal medium the barrier function seems to be restored, even though the surface structures in restored cells may not be identical to those of untreated cells. It should be further investigated how the outer membrane is repaired, also considering the association with the cytoplasmic membrane, which may relate to that of the outer membrane, and also with DNA, for the re-initiation of DNA replication, which interacts with the outer membrane (Hendrickson et al., 1982; Wolf-Watz, 1984) .
